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TECHNICAL NOTE 2040 


ANALYSIS OF AN INDUCTION BLOWDOWN SUPERSONIC TUNNEL 
By Jerold M. Bidwell 


SUMMARY 


General ejector equations and certain assumptions with regard to 
flow conditions and pressure losses are used to calculate the running 
times for one type of induction blowdown supersonic tunnel for Mach 
n umb ers of 1 to 2 and for reservoir pressures of 2 to 4 atmospheres. 

For a given reservoir and for given test-section size and conditions, 
the r unning t ime has a maximum with respect to the area and static pres- 
sure or stagnation temperature of the inducing jet. f 

The results show that for a given test-section area, the running 
time increases with test -section Mach number up to about 1.35* after 
which the running time decreases rapidly. A Reynolds number comparison 
of the induction tunnel with a direct -discharge tunnel shows that for 
the same running time the Reynolds number of the induction tunnel will 
be greater than that of the direct -discharge tunnel at Mach numbers up 
to 1.93 for a reservoir pressure of 4 atmospheres. 


INTRODUCTION 


Wind tunnels with large test sections for low supersonic speeds 
(M = 1.0 to M = 2.0) are in demand. When short running times are 
satisfactory and cost Is a primary objective, it may be desirable to 
consider a blowdown type of wind tunnel. The feasibility of such an 
arrangement is speci al 1 y e nhan ced if a large high-pressure reservoir Is 
already available. If, in the interest of economy, a small power plant 
is used, a great deal of time will be required between runs to pump up 
the reservoir. Blowdown tunnels, of course, require special equipment 
if moisture condensation is serious. 

Blowdown tunnels are generally of two types: the direct -discharge 

tunnel and the induction tunnel. The direct -discharge type of blowdown 
tunnel uses air from a high-pressure ' reservoir to provide the mass flow 
through the test chamber and to provide energy for the losses in the 
system. This type is relatively simple, but very wasteful in that, near 
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the begi nning of the run, the pressure of the reservoir air is far in 
excess of that required to overcome the losses in the tunnel. Throt- 
tling- over such a large pressure drop results in relatively large deg- 
radation of energy. The induction type of blowdown tunnel uses air 
from a high-pressure reservoir only to provide energy to overcome the 
losses. Since higher pressures are used in the induction process, 
energy degradation due to throttling occurs to a much smaller degree. 
Actually, however, the induction process itself involves inherent 
mixing losses, and certain of the basic blowdown losses are also 
retained, so that no simple statement on the relative efficiencies of 
the two types can be made. 

Analyses have been made of- high-speed induction tunnels (for 
example, references 1 to 3) * but these have been concerned primarily 
with ejector performance and little attention has been given to blow- 
down operation. Unpublished British results indicate that- a great deal 
of development work has been done on a particular type of=dnduction 
blowdown supersonic tunnel. (Reservoir pressure-s- of 8 to 25 atm were 
used. ) 

In the present paper, general ejector equations (see reference 4 
or 5) and certain assumptions with regard to flow conditions and pres- 
sure losses have been utilized to calculate the running times of indu e - 
tion blowdown supersonic tunnels operating in the mentioned Mach number 
range. The solution of the equations is found graphically. Calcula- 
tions have been made for reservoir pressures from 2 to 4 atmospheres 
but the equations are valid for higher pressures. The results obtained 
are believed to be adequate to point - out the Mach number range where 
use of the induction blowdown supersonic tunnel may be desirable, to 
show the effects of~the important variables, and to indicate the approx- 
imate-proportions and running time of a particular design. The results 
are compared with a similarly arranged direct -discharge blowdown super- 
sonic tunnel. 


SYMBOLS 


A cross-sectional area, square feet 

a .velocity of sound, feet per second 

B gas constant for~air (53-3 ft/°F absolute) 

g acceleration of gravity (32.17 ft/sec^) 

H total pressure, pounds per square foot 
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K 

l 

M 


running -time coefficient 


tA a T i (Br\ 

. v \(t a ; 


typical length, feet 



Mach number 


m mass of gas, slugs 

n exponent of polytropic expansion in reservoir 

P absolute static pressure, pounds per square foot 

Q rate of mass flow of gas leaving reservoir, slugs per second 

R Reynolds number 

T absolute temperature, °F absolute 

t wind-tunnel running time, second 

V volume of reservoir, cubic feet 

v local velocity, feet per second 

X jet-area ratio (Aq^Aj ) 

Y, Z parameters in equations (l) and (2) 

7 ratio of specific heats (7 = 1.40 for air) 

Tj pres sure -recovery factor of subsonic diffuser 

M. coefficient of dynamic viscosity, slugs per foot-second 

p mass density of air, slugs per cubic foot 

Subscripts: 

a exit of induced-air nozzle (induction t unne l ) • exit of test 

section (direct -discharge tunnel) 

D direct-discharge tunnel 

e exit of mixing tube 

I induction tunnel 
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i initial conditions of reservoir 

J exit of inducing-air nozzle 

S settling chamber 

T throat of diffuser 

a minimum section of inducing-air nozzle (induction tunnel) ’ 

first minimum section in nozzles forming test section 
(direct -discharge tunnel) 

A reference condition (atmosphere) 

Superscripts: 

condition after normal shock 


METHOD OH ANALYSIS 
Induction Blowdown Supersonic Tunnel 


The arrangement^ of the induction blowdown supersonic tunnel used 
in the analysis is shown schematically in figure 1. High-pressure air 
from the reservoir is throttled by a pressure-regulating valve into the 
settling chamber. The air is heated at constant pressure and allowed 
to pass through the nozzle into the mixing chamber. The air passing 
through j induces a flow at a. The two streams of air mix in the 
constant-area mixing tube and pass through the diffuser to the exit. ' 

Certain assumptions are necessary to formulate completely the prob- 
lem. Assumptions that pertain to the working medium are: 

(1) Both the inducing and the induced Jets are perfect diatomic 
gases (P = pgBT, 7 = 1.40). 

(2) Expansion in the reservoir takes place polytropically. 

P = Constant(p n ) . The mode of expansion in the reservoir varies both 
with running time and with type of installation. The exponent -of poly- 
tropic expansion (1.0 = n < 1.40> for the calculations, n = 1.2) approxi- 
mately takes into account the heat transfer- between the reservoir walls 
and the contained air during the blowdown. (Choice of - the exponent 
determines the quantity of air remaining in the reservoir at the end of 
a run, for a given settling -chamber pressure and temperature.) 
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(3) The temperature and pressure in the settling chamber are con- 
stant throughout the run. A constant settling-chamber pressure during 
the run may be maintained by a pressure -regulating valve installed 
between the reservoir and the settling chamber, and a constant tempera- 
ture may be maintained similarly by heat addition. 

Assumptions that pertain to the losses in the system are: 

(4) The flow throughout the. system is one -dimensional except in 
the mixing tube where the flow is necessarily one -dimensional only at 
the exit (complete mixing of the Jets to a uniform Btrearn). 

(5) Flow through the nozzles is isentropic. 

(6) The walls of the mixing tube and diffuser are perfectly 
insulated. 

(7) Pressure losses due to friction in the mixing tube and in the 
supersonic diffuser are neglected. 

(8) A nor mal shock stands in the throat of the diffuser. 

(9) . The pres sure -recovery factor of the subsonic diffuser is taken 
as 80 percent in the calculations. 

The losses in the system greatly affect the running time of the 
tunnel ina smuch as they determine the lowest acceptable settling- 
chamber pressure. The only system losses are in the normal, shock and 
in the subsonic diffuser. Although pressure losses due to friction in 
the mixing tube and in the supersonic diffuser are neglected to facili- 
tate the computation, it should not be Inf erred that these losses are 
negligible. It should be noted that the throat of a diffuser is an 
unstable position for a normal shock. In practice a small increase in 
pressure would be required to move the shock downstream to a stable 
position. In applying the results to a particular design, caution 
should also be taken with regard to the pressure recovery, inasmuch as 
smaller values of pressure -recovery factor are quite probable. The 
assumed normal-shock loss is, however, conservative in that an adjust- 
ment of the throat area after the flow has started might appreciably 
reduce the required settling- chamber pressure. 

The ejector-diffuser system . - The two inlet nozzles and the mixing 
tube comprise an ejector. In reference k- Ellerbrock gives equations 
for the pressure and Mach number of the flow at e in terms of the 
flow at a and j. The equations require only assumptions (1), (*!-), 
(5), and (6). In accordance with assumption (7), "the pressure losses 
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due to friction in tiie mixing tube are neglected. Equations (12), (13) / 
(llf), and (15) of reference 5- with the friction term omitted and the 
symbols revised are for the supersonic case: 





ir 1 M / + 1 


TA T a [2LJLl Ma 2 + 1 


% = 


In the starting condition the shock is ahead of the diffuser in 
the vicinity of section e. This condition determines the minimum area 
of the diffuser A^. The contraction ratio of~the diffuser is taken to 
be the maximum possible for starting the supersonic flov. (See refer- 
ence 6.) The equation for the maximum contraction ratio ’is given by 



Ae 

Sr 


Aa + Aj 

At 



The rise in static pressure through the diffuser in terms of the difference between the 
total pressure and static pressure in the subsonic portion of the stream is defined as the 
pres sure -re co very factor t), 

■ % - V 

^ Ht' - Pt* 

From normal-shock and isentropic relationships , the ratio of mixing-tube static pressure 
to the static pressure required after diffusion is P efB& r 

Pg Pe Pt Ft 1 
% " Pt Pt' % 


ALA 



( 5 ) 
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Equations (l) to (5) define the flow in the ejector -diffuser 
system. A solution of these equations is of the form: 


HS 

Ha 



Ma, 



If i] = Constant = 0.8 (assumption (9))> 


Hs 

H A 



( 6 ) 


Altho ugh this function cannot be expressed algebraically, H s jH A can 

be fo und as a function of these variables by graphical solution. The 
q uan tity %/H a when related to the reservoir pressure determines the 

running time of the system. 

Running -time analysis .- The running time can be expressed as the 
running-time coefficient. (See appendix A.) 



In functi onal form, where j and n are constant's, equation (7) 
becomes 


K = f X, M, 


a> 


Tg % % 

V V V p a/ 


( 8 ) 


Substitution of Bq/ Ea from equation (6) yields, finally, the 
following equation for the running-time coefficient as a function of 
five independent - variables: 

Hi Tg\ 

V V ?a / 


K = f X, Ma, 
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The value of Hg/^A, corresponding to a specified set of these variables 
is given by equation (6) . In general, for a given problem, Ma 
and Hi/H^ will be specified, so that it will be desired to determine 
the values of the three remaining variables such that the r unn ing-time 
factor will be a maximum. Actually, the amount of work involved in 
determining such an absolute maximum for three independent variables 
(and for a range of values of M a and is prohibitive, and the 

analysis was therefore limited to two sets of computations. In the 
first, Tg was assumed equal to T^, and the maximum running-time 
coefficient with respect to both X and Pjy l P a was determined. In 
the second, Pj was assumed equal to Pa, and the maximum running-time 
factor with respect to X and Tg/T^ was determined. 


Direct -Discharge Blowdown Supersonic Tunnel 

A direct -discharge blowdown tunnel is shown schematically in 
figure 1. High-pressure air from the reservoir R Is throttled 
through a pres sure -regulating valve into the settling chamber S. The 
air is heated at constant pressure and allowed to pass through the 
nozzle to the test chamber a and thence through the supersonic - 
subsonic diffuser to the atmosphere. The assumptions used are com- 
parable 'to those of the induct ion-tunnel analysis. 

The maximum contraction ratio for starting the supersonic flow is 


Aa 

At 





\4±i 

M a 2 )^ 



(9) 


(Compare equation ( 4 ).) 



Prom normal -shock, and isentropic relationships, 


o 


Hs HfiPi Pr' 

% ?t Ft' % 



The running -time coefficient becomes 


HaEi > = 

■ V V t a 


[TS 

V Ta - i 

^Ma HA H S\ 2 



(See appendix B. ) 


(U) 


RESULTS AND DISCUSSION 
Induction Tunnel with Tg = T^ 


The running-time coefficient, maximum with respect to X and Pj/Pa> obtained for the 
induction tunnel for the case Tg = T^ is plotted in figure 2 as a function of Mach number and 
reservoir pressure. The corresponding values of settling-chamber pressure, Jet-area ratio, and 
Jet static -pressure ratio are presented in figures 3 and 4. The calculations show that these 
optimum sets of values X, Pj/P a , and, hence, Hg/% are not -well defined. For example, the 
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broad maximum in the variation of running-time coefficient, maximum 
with respect to X, with Pj/P a is shown in figure 5. Because of 
these broad maximums, inclusion of pressure losses due to friction 
might considerably alter the design values. 

The running-time coefficient increases with Mach number up to 
about Mg, = 1.35- This variation merely reflects the decreased mass 
flow in the main stream with increasing Mach number. When Ma is 
increased beyond about M a = 1.35* "the shock losses become increasingly 
important and the running-time coefficient decreases rapidly. 


Induction Tunnel with Pj = P a 

For the induction blowdown tunnel with Pj = P a , values of K 
(maximum with respect to X) and the corresponding values of X 
and Hg/H A 8X6 given in figures 6, 7, and 8, respectively, as functions 
of Tg/1^ with H i/Ba and Mg, as parameters. 

There is an optimum value of Tg/TA but the increase in K with 
increasing Tg/TA is small compared with the increase in K with 
increasing H ±f3&. (See fig. 6.) When is increased, X and 

Hg/H A are also increased as for the case of T c = T.. (See figs. 7 
and 8. ) S A 


Direct -Discharge Tunnel 

The solution of equations (9)* (10), and (H) for Tg = for 
the direct-discharge tunnel are shown as the dashed lines in figure 2, 
which gives the running-time coefficient K as a function of test- 
section Mach number Ma, with reservoir pressure Hi/Ba as a parameter. 

A comparison of the curves for the induction tunnel and the direct- 
discharge tunnel shows that at low supersonic Mach numbers the running- 
time coefficient of the induction tunnel is much greater. The Mach 
numbers for which the running -time coefficients of the induction tunnel 
are higher increase as the reservoir pressure increases. 


Reynolds Number Comparison of Induction Tunnel 
and Direct -Discharge Tunnel 

One of the reasons for employing large test sections is to permit 
tests at high Reynolds numbers. The density of the air in the test 
section is higher in the direct-discharge tunnel than in the induction 
tunnel. Over a certain range of Mach number, however, the induction 
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tunnel permits a much larger test^section than the comparable direct^ - 
discharge tunnel for a given running time. It=is of interest, there- 
fore, to determine which arrangement would permit the highest Reynolds 
number . 

The ratio of the Reynolds number of- the induction tunnel to the 
Reynolds number of the direct -die charge tunnel is Ri/Rd> 


Rj _ l Y& I Pa ’l l l \( Pp \ 

R P \ ^1 /\ v a D Pa D z D/ 


( 12 ) 


As long as this ratio is greater than 1.0, the induction tunnel will 
offer higher Reynolds numbers than the direct -discharge tunnel. 

Consider the case where Tg = T^. Because the test-section Mach 
numbers are equal, the velocities in the two test sections are equal. 
Viscosity is a function of the temperature; "hence, the viscosity of the 
flow in the two test sections is equal. Equation (12) becomes 


Rl _ fai li 

R D P a D l D 

From isentropic relationships. 


U3) 




_ F&7> ( E &) 
= % \% I. 


or 


If the typical length 
section area, 



is taken as the square root of the test- 


Z I 
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or 


h 

id 




since 


fBg 

Y \JT ‘ A 


is assumed to be the same for both tunnels . 


For any test -sect ion Mach number, the running-time factors K 
be obtained from figure 2 and the pressure ratio from the 

isentropic relationships (equation 3(a)) and. equations (9) and (10). 


can 


Equation (13 ) becomes finally 


Hi 

Rd 




( 14 ) 


Equation (l4) has been evaluated and plotted against for 

Tg = T^ in figure 9- The induction tunnel is definitely advantageous 
when the Reynolds number at low supersonic Mach numbers is considered. 
The highest Mach number at which the induction tunnel is more favorable 
increases with reservoir pressure and becomes 1.93 Tor a reservoir 
pressure of 4 atmospheres. The Reynolds number ratio increases at a 
decreasing rate with increasing reservoir pressure although no limit 
is indicated. 

When Ts/Ti, is greater than one, the r unn ing-time coefficient of 
the induction tunnel increases without affecting the flow in the test 
section. When the tunnels are considered with Tg/T^ greater than one 
in the induction tunnel, therefore, the Reynolds number ratio becomes 
larger . 


CONCLUSIONS 


An analysis has been made of the running time of one type of 
induction blowdown sup'erspnic tunnel based on the following assumptions 

(1) Both the inducing and the induced jets are perfect diatomic gases, 

(2) expansion in the reservoir takes- place polytropically, (3) the tem- 
perature and pressure in the settling chamber are constant throughout 
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the run, (4) the flow throughout the system is one- dimensional except 
in the mixing tube where the flow is necessarily one-dimensional only 
at the exit, (5) flow through the nozzles is isentropic, (6) the walls 
of the mixing tube and diffuser are perfectly insulated, (7) pressure 
losses due to friction in the mixing tube and in the supersonic diffuser 
are neglected, and (8) a normal shock stands in the throat of the dif- 
fuser. Calculations of the running times for the induction tunnel were 
made for Mach numbers of-1 to 2 and for reservoir pressures of 2 to 
4 atmospheres with a pres sure -recovery factor of 80 percent in the sub- 
sonic diffuser and with a value of - the polytropic index of expansion in 
the reservoir of 1.2. 

For given reservoir and test-section size and conditions, the run- 
ning t ime has a maximum with respect to jet area and jet static pressure 
or jet stagnation temperature. 

For a given test -section area, the running time coefficient - 
increases with test-section Mach number Ma up to about 1.35* When Ma. 
is increased beyond this value, the running -time coefficient decreases 
rapidly. 

When the induction tunnel is compared with the direct -discharge 
blowdown supersonic tunnel, for the same running time the Reynolds num- 
ber of the induction tunnel will be greater than that of the direct - 
discharge tunnel at Mach numbers up to 1.93 for a reservoir pressure of 
4-atmospheres . 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 

Langley Air Force Base , Va . , November 3 > 19^9 
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APPENDIX A 

DERIVATION OF TEE RUNNING-TIME COEFFICIENT FOR 
INDUCTION BLOWDOWN SUPERSONIC TUNNEL 


The mass of air in the reservoir 


m = pV (Al) 

where 

m air mass 

p air density 

V volume of reservoir 

The rate of change of mass Q is equal to the rate of discharge 
through the throat a of the supersonic ef fuser Then, 


dt 


-V dp 

Q 


.-JLflO. 



7+1 

eT^ry 


(A2) 


By using assumption (2) that the expansion in the reservoir takes place 
polytropically and integrating between the initial condition and the 
condition where the reservoir pressure is equal to the settling- 
chamber pressure Hg, 




By using isentropic relationships, Ax can ^* e obtained, in terms of other quantities «.s 



By substituting equation (A4) in equation (A3), equation (7) is obtained. 


H 

(Tv 


(Ah) 


K = 



I Zii 

(?AY(*Z.\7 \ I — 2Z_ 
VP a / v%/ \|7 - X 



*1 


< 4 
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AEPENDIX B 

DERIVATION OF THE RUNNING-TIME COEFFICIENT FOR DIRECT- 
DISCHARGE BLOWDOWN SUPERSONIC TUNNEL 


The mass of air in the reservoir 


m = pV (Bl) 

The rate of change of mass Q is equal to the rate of discharge through 
the throat a of the supersonic ef fuser. Then, 


dt = 


-V do = 

Q 


-V dP 


Ax a s p s(' 


7 + 1 


7+1 

2(7-1) 


(B2) 


By assuming that the expansion in the reservoir takes place 
polytropi cally and integrating between the initial condition and the 
condition where the reservoir pressure is equal to the settling- chamber 
pressure Hg, 


tAo?i 

V 



p S 

V t a 


Ti/ 


7+1 

\ 2 ( 7 t 1) 1 - 1 


Hi 

% 



By using isentropic relationships. 


(B3) 


Ax ~ 


7+1 

+ i^(y-i) 


'y - 1 


Ma 

7+1 

.^pz J 

«a + lj 


(B4) 
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By substituting equation (B4) in equation (B3), equation (ll) is 
obtained. 


K 



+ 1 


y+1 

2 (7-17 H± E& 
Ba Hs 
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(a} Reservoir and supply Byat'en. 



(o) Induction blovdovn auperaonio tunnel. 


Figure I.- Schematic drawings of the induction blowdown supersonic tunnel 
and a direct-discharge blowdown supersonic, tunnel. 
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Figure 4.- Variation with test-section Mach number of jet static -pressure 
ratio that corresponds to running-time coefficient (maximum with 

respect to X and Pi/P a ) for several values of reservoir pressure. 
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Figure 9.- Reynolds number comparison of an induction blowdown super- 
sonic tunnel and a direct -discharge blowdown supersonic tunnel 
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